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to exploit the full potential of human pluripotent stem cells for regenerative medicine, developmental biology and drug discovery, defined culture conditions are needed. media of known composition that maintain human embryonic stem (hes) cells have been developed, but finding chemically defined, robust substrata has proven difficult. We used an array of selfassembled monolayers to identify peptide surfaces that sustain pluripotent stem cell self-renewal. the effective substrates displayed heparin-binding peptides, which can interact with cell-surface glycosaminoglycans and could be used with a defined medium to culture hes cells for more than 3 months. the resulting cells maintained a normal karyotype and had high levels of pluripotency markers. the peptides supported growth of eight pluripotent cell lines on a variety of scaffolds. our results indicate that synthetic substrates that recognize cell-surface glycans can facilitate the long-term culture of pluripotent stem cells.
Human pluripotent stem cells have the remarkable capacity to both self-renew indefinitely and differentiate into many different cell types [1] [2] [3] . Progress in developing defined conditions for human embryonic stem (hES) cell propagation has resulted from elucidating the roles of soluble factors [4] [5] [6] . In contrast, it has proven challenging to identify defined substrata for this purpose. Typical mixtures used to date comprise extracellular matrix proteins from animal or human sources 4, 7 . The batch-to-batch inconsistency that accompanies the use of complex mixtures complicates hES cell propagation. Moreover, the use of animal-derived extracellular matrix proteins exposes cells to potentially hazardous pathogens and allows for the transfer of immunogenic epitopes 8 . Individual extracellular matrix proteins [9] [10] [11] have been used as substrates for hES cell self-renewal, but even single extracellular matrix proteins have multiple domains that can engage a variety of cell-surface receptors. As a result, it is difficult to identify the key interactions that result in reproducible culture conditions. We sought to replace the substrata used for hES cell culture with a fully defined, synthetic alternative. A synthetic surface could minimize the exposure of pluripotent cells to hazardous contaminants and yield a more homogenous cell culture. Moreover, it A defined glycosaminoglycan-binding substratum for human pluripotent stem cells
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could illuminate the minimum requirements for adhesion and selfrenewal. Although synthetic substrata have been described [12] [13] [14] [15] [16] [17] [18] [19] [20] , none have been shown to be effective for the long-term culture of both hES cells and induced pluripotent stem (iPS) cells. Most of these substrata either have been used in combination with a conditioned medium [12] [13] [14] or have been tested with only a limited number of cell lines [15] [16] [17] [18] [19] [20] . Additionally, the mechanisms by which these substrates function are largely unknown. Here we describe a synthetic surface that engages cell-surface glycosaminoglycans and supports the long-term propagation of multiple hES and iPS cell lines in fully defined conditions.
results

Peptide substrates for hes cell adhesion
To seek a substrate with the desired activity, we used a definedsurface array 21 composed of peptide-substituted alkanethiol conjugates, which form self-assembled monolayers on gold 22 . Selfassembled monolayers can present various ligands with control over surface density, making them valuable probes for testing the consequences of engaging cell-surface ligands 23 . Previous screens using surface arrays that present peptides derived from laminin at high densities 12 or cell-binding peptides identified by phage display 18 yielded synthetic surfaces capable of supporting the short-term propagation of hES cells. To identify a synthetic surface for long-term propagation, we expanded our array screen 12, 21 to assess surfaces with bioactive peptide sequences reported to bind to diverse cell-surface receptors ( Supplementary Table 1 ). We did not limit our screen to known protein-binding sequences (for example, the integrin ligand arginine-glycine-aspartic acid (RGD) tripeptide 24 ) and included peptides that can interact with glycosaminoglycans. Because cell adhesion is influenced not just by the identity of the adhesive epitopes but by their density on the substrate and whether they are present alone or in combination with other ligands 21, 25 , we used the array to present bioactive peptides alone, in different combinations and at varying surface densities. We screened over 500 unique surfaces based on 18 bioactive peptides.
First we evaluated the surfaces for their abilities to support hES cell adhesion. We dissociated H1 or H9 cells that had been grown in culture (cultured) on Matrigel and applied them to the array in a protein-free basal medium, to minimize the adsorption of proteins from the medium. After 1 h, we replaced the basal medium with defined mTeSR medium 4 supplemented with Y-27632, an inhibitor of rho-associated kinase (ROCK). This small molecule aids the survival of dissociated hES cells 26 . Using these conditions, we propagated hES cells on the array for 6 d, and then fixed and stained them for pluripotency markers Oct-4 and SSEA-4 ( Fig. 1a) . In this way we identified several surfaces that could sustain cell adhesion during the experiment. Adhesion to the self-assembled monolayers required the ROCK inhibitor, even after colonies were established ( Supplementary Fig. 1) .
Analysis of the surfaces capable of supporting adhesion revealed that those substituted with the integrin ligand KGRGDS routinely bound to cells, but their ability to maintain hES cell markers was inconsistent ( Fig. 1b,c) . Another integrin-binding peptide, GSDPGYIGSR, also mediated hES cell adhesion, but the resulting cells had markedly less Oct-4 and SSEA-4 ( Fig. 1d) . In contrast, surfaces presenting heparin-binding peptides (GKKQRFRHRNRKG, FHRRIKA and GWQPPARARI) consistently mediated hES cell adhesion and allowed for hES cell propagation: cells cultured on these surfaces for 6 d had high levels of Oct-4 and SSEA-4 ( Fig. 1e-g) . Surfaces displaying the heparin-binding peptide GKKQRFRHRNRKG 27 derived from vitronectin not only supported adhesion but did so at the lowest peptide substitution levels ( Fig. 1a,e ). Other peptide-substituted surfaces either did not mediate hES cell adhesion or did so inconsistently ( Supplementary  Table 1 ). Thus, surfaces presenting heparin-binding peptides effectively supported short-term hES cell survival.
Adhesion through cell-surface glycosaminoglycans
We anticipated that surfaces displaying heparin-binding peptides would promote cell adhesion and spreading by interacting with cell-surface glycosaminoglycans. Glycosaminoglycans have a variety of roles: they participate in receptor-signaling complexes, cellcell recognition, cell-cell adhesion and cell-matrix interactions 28 . To test whether glycosaminoglycans participate in hES cell binding to the heparin-binding peptide-substituted surfaces, we exposed cells to the enzyme chondroitinase ABC. Although this enzyme catalyzes the hydrolysis of only a subset of glycosaminoglycans, cells exposed to it exhibited decreased binding to the synthetic surfaces presenting GKKQRFRHRNRKG ( Supplementary Fig. 2) . Soluble heparin, which should compete with cell-surface glycosaminoglycans, also inhibited binding ( Fig. 2a) . In addition to completely blocking cell interactions to the synthetic GKKQRFRHRNRKGpresenting surfaces, heparin mitigated cell adhesion to Matrigel and recombinant vitronectin protein, suggesting that these substrates also bind to hES cells through glycosaminoglycan interactions ( Fig. 2a) . These data suggest that glycosaminoglycans found on hES cell surfaces can be important in mediating attachment to the substratum. Additionally, a substratum consisting of even a single extracellular matrix protein, such as recombinant vitronectin, supported cell adhesion through multiple interactions, and synthetic surfaces presenting a heparin-binding peptide enabled cell adhesion through a single binding epitope.
Growth rates of hes cells
We compared hES cell growth rates on surfaces presenting synthetic peptides and on more complex surfaces. First, we used a colorimetric assay to assess cell numbers and generate growth curves for H9 and H13 cells cultured on Matrigel, recombinant vitronectin-coated surfaces and streptavidin-modified surfaces presenting biotinylated GKKQRFRHRNRKG. The results for Matrigel culture and for surfaces presenting GKKQRFRHRNRKG were similar ( Supplementary Fig. 3a,b) . Second, we monitored cell division using a fluorescence assay: cells cultured on synthetic surfaces presenting the heparin-binding peptide GKKQRFRHRNRKG or a combination of GKKQRFRHRNRKG and KGRGDS propagated at a rate similar to those cultured on Matrigel (Supplementary Fig. 3c ). In contrast, fewer cell divisions occurred on recombinant vitronectin-coated or KGRGDSpresenting surfaces (Supplementary Fig. 3c ). We also compared our surface to one coated with polylysine because polylysine had been reported to support hES cell propagation in a defined medium for multiple passages 15 . Our results indicated that cells cultured on polylysine-coated surfaces did not readily divide ( Supplementary Fig. 3c ). We conclude that, for hES cell proliferation, surfaces presenting GKKQRFRHRNRKG are comparable to Matrigel and superior to polysine-coated surfaces. 
Analysis of stem cell markers
We examined whether surfaces with heparin-binding peptides could support H1, H7, H9 and H14 hES cell self-renewal over multiple passages. We transferred cells from Matrigel culture to surfaces presenting the heparin-binding peptides GKKQRFRHRNRKG or FHRRIKA. After three passages or 21 d, the cells maintained high levels of pluripotency markers ( Fig. 2b) and grew in the compact colonies characteristic of undifferentiated pluripotent stem cells ( Fig. 2c) . We obtained similar results for IMR-90-1 iPS cells cultured on GKKQRFRHRNRKG peptide-presenting surfaces (Fig. 2b) .
For comparison, we analyzed hES cells grown on a surface displaying the KGRGDS sequence. When we used self-assembled monolayers presenting the KGRGDS peptide at densities comparable to those used for the heparin-binding peptides (3 pmol mm -2 ), the integrin-binding surfaces yielded a heterogeneous cell population ( Fig. 2d and Supplementary Fig. 4a-c) .
Comparison of this population to cells grown on Matrigel or the heparin-binding peptides revealed that the KGRGDS peptide-substituted surfaces afforded fewer cells that displayed pluripotency markers ( Fig. 2b) . Overall, cells cultured on KGRGDS peptide-substituted self-assembled monolayers had various morphologies and differentiated into all three embryonic germ layers, as determined by immunostaining ( Supplementary Fig. 4 ). These data are consistent with those from our array screen in which KGRGDS peptide-presenting surfaces were inferior to other substrata for pluripotent stem cell propagation.
To determine whether KGRGDS peptide-displaying selfassembled monolayers induce differentiation, we cultured cells on synthetic surfaces presenting a combination of KGRGDS and GKKQRFRHRNRKG peptides. The resulting cells cultured on these surfaces maintained high levels of pluripotency markers and grew in the compact colonies characteristic of undifferentiated pluripotent stem cells (Fig. 2b,e) . Thus, our KGRGDS-substituted surfaces did not induce differentiation but were inadequate substrates for maintaining a homogenous population of undifferentiated pluripotent cells.
long-term culture of human pluripotent cells
A major challenge for defined culture conditions is long-term pluripotent stem cell propagation. To test whether our surface can meet this challenge, we cultured human pluripotent stem cells (H9, H13, H14 and DF19-9 7T) on self-assembled monolayers presenting the heparin-binding peptide GKKQRFRHR-NRKG for 2-3 months. We used surfaces displaying this peptide because this peptide enabled strong, consistent attachment and promoted colony spreading at low surface densities. Human pluripotent stem cells in long-term culture continued to grow as compact colonies and maintained markers of pluripotency ( Fig. 3a-c) .
We compared cells cultured on our surfaces to those propagated on Matrigel by examining the expression of genes associated with pluripotency and differentiation. Flow-cytometry analysis of H9 and H14 cells cultured for three months (17 passages) indicated that the cells maintained high levels of markers both integral to and associated with pluripotent stem cells. They also had low levels of the differentiation marker SSEA-1 ( Fig. 3d and Supplementary Fig. 5 ). Consistent with these results, real-time quantitative PCR (qPCR) for H13 cells cultured for 2 months on a synthetic surface indicated that the relative expression of key transcription factors required for pluripotency was similar to that of cells cultured on Matrigel (Fig. 3e) . For H9 cells that we propagated for 3 months on the synthetic surface or on Matrigel, we profiled the expression of 84 genes associated with pluripotency or early differentiation on Matrigel (Supplementary Fig. 6a) . The cells maintained similar expression levels of genes associated with pluripotency in both culture conditions. Most genes with expression differing by fourfold or greater were associated with differentiation, and their levels were lower for the cells cultured on our synthetic surface (Supplementary Fig. 6b ). hES cell lines H1, H7, H9, H13, H14 and iPS cell line IMR-90 cultured for 1-3 months on our synthetic surface maintained a normal karyotype (Supplementary Fig. 7) . These data demonstrate that our chemically defined synthetic surface can be used to propagate homogenous populations of pluripotent stem cells. 
differentiation of human pluripotent cells
To evaluate the pluripotency of the cells that had been cultured on the synthetic surfaces, we assessed their ability to differentiate. When placed in suspension culture, pluripotent stem cells form embryoid bodies that differentiate into derivatives of all three embryonic germ layers. We subjected H1, H7, H9, H13 and H14 hES cell lines and IMR-90 and DF19-9 7T iPS cell lines cultured on the synthetic substrate for 1-3 months to this differentiation protocol. All lines differentiated into a heterogenous population containing cells that stained for markers of ectoderm, endoderm and mesoderm ( Fig. 4a and Supplementary Fig. 8a-f) . Additionally, H1 and H9 cell lines cultured on a synthetic surface for 6 and 19 passages, respectively, formed teratomas (Fig. 4b-d and Supplementary Fig. 8g) .
The aforementioned investigations revealed that cells cultured on our synthetic surfaces can differentiate, but they did not address whether these culture conditions render the cells less prone to do so. To explore this issue, we used procedures developed to differentiate human pluripotent cells to specific lineages in culture. We applied three differentiation protocols to H14 cells that we had propagated for 3 months on either surfaces displaying GKKQRFRHRNRKG or Matrigel. To monitor the differentiation rate, we determined the relative expression of lineage-specific genes using real-time qPCR. For each germ layer, after long-term culture on GKKQRFRHRNRKG peptide-substituted surfaces, cells expressed lineage-specific genes at a level and timescale similar to those obtained for cells cultured on Matrigel (Fig. 4e-g and Supplementary Fig. 9 ). Together the data indicate that pluripotent cells propagated on the synthetic surface had the differentiation potential of those cultured on Matrigel.
Portability of heparin-binding peptides
One advantage of synthetic peptides is that they can be incorporated into a wide variety of materials. To determine the portability of the heparin-binding peptides, we tested whether displaying the GKKQRFRHRNRKG peptide on alternative scaffolds could yield materials that support cell adhesion and growth. To this end, we chemically conjugated the peptide CGKKQRFRHRNRKG to glass coverslips functionalized with bromoacetamide groups. The resulting material supported excellent cell attachment and allowed for colony spreading (Supplementary Fig. 10a,b) . We also tested streptavidin-coated surfaces because of their availability and ease of modification with biotinylated peptides. Surfaces presenting biotinylated heparin-binding peptides supported iPS and hES cell adhesion (Supplementary Fig. 10c,d) and propagation (data not shown). As with the self-assembled monolayers, these surfaces required that the culture medium be supplemented with the ROCK inhibitor.
We also examined a combination surface. A streptavidincoated surface modified with the glycosaminoglycan-binding peptide GKKQRFRHRNRKG and cyclic RGD peptide 20 was a robust substrate for hES cell adhesion (Fig. 5a) . Notably, after colonies had formed on this surface, we could remove the ROCK inhibitor from the culture medium. hES cell lines H9, H14 and SA02 propagated on streptavidin-coated surfaces modified with GKKQRFRHRNRKG and the cyclic RGD peptides for 1-2 months maintained high levels of pluripotency markers and a stable karyotype in the absence of the ROCK inhibitor (Fig. 5b,c and Supplementary Figs. 6c,d and 7g,h) . In contrast, streptavidin-coated surfaces displaying biotinylated cyclic RGD peptide alone did not support hES cell adhesion in the absence of the ROCK inhibitor (Supplementary Fig. 11b-h) , and in these cells Oct-4 levels were inconsistent over multiple passages even in the presence of the ROCK inhibitor (Supplementary Fig. 11i ). Additional investigations are needed to understand how simultaneous glycosaminoglycan and integrin engagement influences pluripotent stem cell propagation.
discussion
The most effective peptide substrates we found for pluripotent stem cell adhesion and propagation were those that can bind anionic polysaccharides such as heparin, supporting a model in which the synthetic surfaces act by engaging the glycosaminoglycans on pluripotent cells. That these simple synthetic substrata can replace Matrigel for pluripotent cell culture is consistent with the proposition that embryonic stem cells have an innate capacity for self-renewal and do not require a rich milieu of external signals 29 .
Still, our data indicate that adhesion is not the sole prerequisite for self-renewal. We and others 14, 16, 20 have found that materials decorated with RGD-containing peptides vary in their ability to support hES cell self-renewal despite their ability to support adhesion. Many previous investigations to develop substrata for hES cell culture have focused on the importance of integrins binding to extracellular matrix proteins 10, 11, 19 . The RGD-containing peptide-substituted material that is most successful at maintaining hES proliferation requires high densities of the integrin epitope KGGNGEPRGDTYRAY or KGGPQVTRGDVFTMP 16 . Such high extent of substitution could yield surfaces that manifest their activities through bulk properties rather than their ability to engage a particular type of cell-surface receptor. Alternatively, the more complex sequence may bind specific integrins or other crucial cell-surface receptors that the shorter RGD sequences cannot. The origins of the varying outcomes obtained with different surfaces that present RGD-containing peptides are still unknown. Though integrin ligands alone were not effective in maintaining long-term pluripotent stem cell culture on our surfaces, they augmented the activity of the glycosaminoglycan-binding substrates. Adhesion of pluripotent cells to surfaces presenting a heparin-binding peptide alone required ROCK inhibition even after the formation of colonies. In contrast, streptavidin-coated surfaces presenting a combination of the high-affinity cyclic RGD and GKKQRFRHRNRKG did not require ROCK inhibition after colonies had formed.
The heparin-binding peptides described here can be incorporated into a wide variety of materials 25, 30 for culturing pluripotent human cells. Because GKKQRFRHRNRKG only needs to be present at a low surface density to serve as a substrate, additional signals or cell-binding epitopes can be incorporated easily to study their effects on self-renewal and differentiation. Moreover, the active surfaces in our array screen are portable. For instance, peptides presented on strepavidin-coated surfaces provide a defined, modular and facile method for propagating pluripotent stem cells that is inexpensive and readily accessible. Surfaces presenting the heparinbinding peptide derived from vitronectin are the most robust of all the synthetic surfaces we have tested to date 12, 18, 21 .
methods Methods and any associated references are available in the online version of the paper at http://www.nature.com/naturemethods/.
Note: Supplementary information is available on the Nature Methods website. online methods Cell culture. hES cell lines (H1, H7, H9, H13, H14 and SA02) and iPS cell lines (IMR90-1 and the vector-free DF19-9 7T) were maintained on Matrigel (BD)-coated plates using the mTeSR1 medium (StemCell Technologies). Cells were maintained at 37 °C in 5% CO 2 . They were passaged manually every 5-6 d after treatment with the protease dispase (Gibco; 2 mg ml -1 ) for 5-6 min 31 . hES cells grown on synthetic surfaces were maintained in mTeSR1 medium supplemented with ROCK inhibitor Y-27632 (Calbiochem; 5 μM) or H-1152 (Alexis; 0.5 μM). Cells were passaged manually every 5-7 d after treatment with an enzyme-free, Hanks' solution-based cell dissociation buffer (Sigma) for 10-15 min. Cells were seeded onto new surfaces at 25,000 cells cm -2 .
